Thirty healthy Holstein dairy cows in the dry period were randomly divided into three groups and fed diets with different net energy for lactation (group A: 1.2 Mcal/kg DM, group B: 1.3 Mcal/kg DM, and group C: 1.4 Mcal/kg DM) for 8 weeks prepartum. Thereafter, dairy cows were fed a diet of the same formulation (1.66 Mcal/kg DM) for 12 weeks postpartum. The effects of different dietary energy densities in the dry period on postpartum performance and metabolic parameters of dairy cows were observed. Milk yield was reduced by 14.5% in the low-energy diet group; however, there were no differences in milk composition between the three groups. Postpartum plasma β-hydroxybutyrate, non-esterified fatty acid, growth hormone, and glucagon levels were significantly decreased whereas leptin and neuropeptide levels were elevated in the low-energy diet group. Moreover, body fat mobilization was attenuated, and the decline in postpartum body condition was reduced in the low-energy diet group, thus effectively reducing the postpartum negative energy balance.
Introduction
The greatest metabolic characteristic of dairy cows in early lactation is negative energy balance (NEB) due to insufficient energy intake that fails to meet the needs. Prolonged postpartum NEB contributes to a high incidence of postpar-*Yun Wang and Qiuling Hou have equal contribution to this article. tum metabolic diseases (fatty liver and ketosis). Increasing prepartum dietary energy density (DED) is commonly used to reduce the NEB; however, this approach often increases the incidence of postpartum metabolic diseases [1] .
Grummer found that increasing prepartum dry matter intake (DMI) can reduce the NEB [2] . In recent years, increasing research has demonstrated that limited feeding in the dry period may have a better effect [3] [4] [5] [6] .
Recent research has primarily focused on dietary nutrition in the early peripartum period (3 -4 weeks prepartum); however, the entire dry period was overlooked. Evidence indicates that low-energy feeding for 60 -30 days prepartum can increase postpartum DMI, reduced the NEB, attenuate body fat mobilization, and markedly decrease blood NEFA and BHBA levels of dairy cows [6] [7]. Beever reported that one-stage feeding (using diets with the same energy density throughout the dry period) improved the health and reproductive performance of cows on dozens of dairy farms in France, Britain, and Ireland [8] .
However, there is a lack of specific research data as supporting evidence. In the present study, we fed dairy cows diets of different energy densities in the dry period and observed their effects on postpartum production and metabolism to establish a new feeding pattern and appropriate energy density. This study lays the foundation and provides a theoretical basis to correct and reduce the postpartum NEB, improve the postpartum performance, and reveal the mechanism of metabolic diseases in dairy cows.
Materials and Methods

Cow Selection, Grouping and Feeding
An animal feeding trial was conducted from July 2014 through January 2015 on the dairy farm of Shandong Expressway Modern Husbandry Co., Ltd. (Jiyang, Shandong Province, China). Thirty healthy Holstein dairy cows were selected with consistent age, parity (2.5 ± 0.57), and body condition (3.17 ± 0.14), 305 days milk yield is more than 7000 kg (27.46 ± 1.72 kg everyday) The animals were randomly divided into three groups and fed diets of different net energies for lactation (NE L ; group A: 1.2 Mcal/kg DM, group B: 1.3 Mcal/kg DM, and group C: 1.4 Mcal/kg DM) for 8 weeks prepartum. Thereafter, the animals were changed to a diet of the same formulation for 12 weeks postpartum. The general condition of the three groups is shown in Table 1 . The formulation and nutrient composition of diets are summarized in Table 2 . 3900 mg/kg, Ca: 202000 mg/kg, Cu: 500 mg/kg, Fe: 3600 mg/kg, S: 22000 mg/kg, Se: 15 mg/kg, Co: 20 mg/kg). The animals were prefed for 1 week, with stall feeding, free activity, and consistent living environment. The animals were subsequently given ad libitum access to food and water during the trial period. A total mixed ration diet was applied twice a day at 8:30 am and 2:30 pm prepartum and at 7:00 am and 1:30 pm postpartum. Pipeline milking was performed three times a day, at 7:00 am, 1:30 pm, and 8:00 pm. The remaining feed was removed every day and controlled within 10%.
Major Equipment, Sample Collection and Parameter Analysis
Major equipment: Low-speed desktop centrifuge, high-speed refrigerated centrifuge, electric blast drying oven, automatic Kjeldahl analyzer, automatic biochemical analyzer (Model 7020, Hitachi, Japan), −20˚C low-temperature refrigerator, semi-automatic oxygen bomb calorimeter (Model 6200, PARR, USA), milk composition analyzer (Model: 78110, Flowserve, USA) and insulation box. DMI determination: DMI was determined once a week from the start of the trial. The feed provided and remaining feed were weighed and recorded during each determination. Meanwhile, the original and remaining feed samples were collected to measure nutritional values, and the results were used to calculate DMI.
Body condition scoring: Body condition score (BCS) was recorded once every two weeks from the beginning of the trial. Following the procedure of Ferguson et al. [9] , three individuals performed the scoring each time, and the average of three scores was taken as the final BCS of the cow examined.
Milk yield and composition analysis: Daily milk yield (MY) was recorded to calculate the average daily MY per week.
Blood collection: Blood samples were analyzed once every 2 weeks prepartum.
Moreover, blood samples were collected at the day of parturition (calving) and 7, 14, 28, 42, 56, 70, and 84 days postpartum. Venous blood samples were taken from the tail head using a sterile blood collector before the morning feeding. The samples were collected into 10-ml centrifuge tubes containing heparin sodium and centrifuged at 3000 r/min for 15 min. The supernatants were dispensed into 1.5-ml centrifuge tubes, and the plasma was frozen at −20˚C until used.
Plasma biochemical tests: Plasma glucose (GLU), urea nitrogen (UREA), total protein (TP), albumin (ALB), alanine aminotransferase (ALT), and aspartate aminotransferase (AST) were measured using an automatic biochemical analyzer (Hitachi 7020) and a commercial kit (Maker Biotechnology Co., Ltd, Chengdu, China). Triglyceride (TG) and non-esterified fatty acid (NEFA) were assayed using commercial kits provided by Nanjing Jiancheng Bioengineering Institute (Nanjing, China). β-Hydroxybutyrate (BHBA) was analyzed using a bovine (cow) hormone ELISA kit purchased from Nanjing Jiancheng Bioengineering Institute. Insulin (INS), glucagon (GN), insulin-like growth factor-1 (IGF-1), and growth hormone (GH) were measured by radioimmunoassay at the Central Hospital of Taian (Taian, China). GN and IGF-1 radioimmunoassay kits were purchased from Jiuding Medical and Biological Engineering Co., Ltd. (Tianjin, China); a GH radioimmunoassay kit was provided by North Institute of Biological Technology (Beijing, China); and an INS radioimmunoassay kit was obtained from Weifang 3V Bioengineering Group Co., Ltd (Weifang, China). Leptin (LEP) and neuropeptide (NPY) were analyzed using a bovine (cow) hormone ELISA kit purchased from Nanjing Jiancheng Bioengineering Institute. Formulation and nutrient composition of experimental diets (% dry matter) ( Table 2 ).
Statistical Analysis
A single-factor, completely randomized experimental design was used in this study. One-way analysis of variance was performed using SAS 8.2 statistical software (SAS Institute Inc., Cary, NC, USA). Multiple comparisons were made using Duncan's multiple range tests. P < 0.05 indicates significant differences between groups; P < 0.01 indicates highly significant differences between groups; and 0.05 < P < 0.1 indicates a trend of difference. Table 3 and Figure 1 demonstrate that the average daily DMI of dairy cows exhibited a decreasing trend from 3 weeks prepartum to calving in all groups, and the relative decreases were 38%, 24%, and 39% in groups A, B, and C, respectively. For 8 weeks prepartum, group A was lower than group B, whereas group B was lower than group C. The average DMI values were 11.96, 13.41, and 14.31 kg. There were highly significant differences among the three groups (P < 0.01). Table 3 and Figure 2 illustrate that the MY of dairy cows exhibited an upward trend for 1 -6 weeks postpartum and then leveled off. Group A was highly significantly lower than groups B and C (P < 0.01); the latter two exhibited no difference between each other. The decrease in MY was 14.5% for group A. Comparisons of group means revealed no difference in the content of milk fat, Figure 2 . Effects of dietary energy density in the dry period on the milk yield production performance of dairy cows. (i) milk yield; (ii) fat yield; (iii) protein yield; (iv) lactose yield. For data on every box plot, different superscript letters indicate significant differences (P < 0.05), and the same superscript letters indicate no significant differences (P > 0.05); 0.05 < P < 0.1 indicates a trend of difference; and P > 0.1 indicates no significant difference.
Results
Effects of DED in the Dry Period on Prepartum DMI of Dairy Cows
Effects of DED in the Dry Period on MY and MC of Dairy Cows
protein, lactose, non-fat solids, or total solids (P > 0.05). Milk fat yield was significantly higher in group C than in groups A and B (P < 0.05), and there was no difference between the latter two groups. Milk protein and lactose yields exhibited similar trends. Both parameters were highly significantly lower in group A than in groups B and C (P < 0.01), with no difference between the latter two groups. Table 4 and Figure 3 indicates that the prepartum BCS of dairy cows was highly significantly greater in groups B and C than in group A (P < 0.01); there was no difference between the former two groups. Postpartum BCS in group A was highly significantly greater than those in groups B and C (P < 0.01), with no difference between the latter two groups. Group A exhibited the lowest BCS during the prepartum period, which increased by 0.31 from the dry period to calving; the scores of groups B and C increased by 0.51 and 0.53, respectively. Groups B and C exhibited large decreases in BCS during the postpartum period (0.87 and 0.69, respectively); group A exhibited a small decrease in BCS (0.52). Figure 3 demonstrates that in all groups, BCS exhibited an upward trend and peaked at approximately 2 weeks prepartum; thereafter, BCS rapidly decreased to trough levels at 4 weeks postpartum before leveling off. Although there was no statistically significant difference in postpartum BCS between groups B and C, the former group gradually improved relative to the latter group after 6 weeks postpartum.
Effects of DED in the Dry Period on BCS of Dairy Cows
Effects of DED in the Dry Period on the Plasma Biochemistry of Dairy Cows
GLU: Table 5 and Figure 4 (i) demonstrate that the plasma GLU levels of dairy cows increased rapidly from 2 weeks prepartum and peaked at calving; thereafter, a rapid decline occurred, and GLU levels fell to trough levels at 1 week postpartum, followed by fluctuations at constant levels. There were no differences between the three groups in either the prepartum or postpartum period (P > 0.05).
TG: Table 5 and Figure 4 (ii) demonstrate that plasma TG levels of dairy cows remained higher prepartum than postpartum in all groups. TG levels increased from 8 weeks prepartum and peaked at 4 weeks prepartum; thereafter, the values declined to trough levels at 1 week postpartum and slightly increased with fluctuations. Prepartum and postpartum TG levels exhibited no differences among the groups (P > 0.05); however, there was a trend of difference between the groups postpartum (0.05 < P < 0.1). Postpartum TG was significantly higher in group A than in group B; neither group exhibited differences relative to group C.
BHBA: Table 5 and Figure 4 (iii) demonstrate that the plasma BHBA levels of dairy cows were higher postpartum than prepartum in all groups. There were no differences between the three groups prepartum (P > 0.05). However, group C was highly significantly greater than groups A and B postpartum (P < 0.01), with no difference between the latter two groups. In all groups of dairy cows, plasma BHBA began to increase from 2 weeks prepartum and peaked at 1 week prepartum. In the following week, BHBA decreased rapidly and then leveled off.
NEFA: Table 5 and Figure 4 (iv) demonstrate that plasma NEFA levels of dairy cows were higher postpartum than prepartum in all groups. There were no differences between the groups prepartum (P > 0.05). However, group A was highly significantly lower than groups B and C postpartum (P < 0.01), with no difference between the latter two groups. NEFA levels remained stable from 8 weeks to 2 weeks prepartum and increased rapidly to peak levels at 1 week postpartum before rapidly decreasing and then leveling off in 6 -12 weeks postpartum. Group B was higher than group C for 2 -4 weeks postpartum. The opposite trend was observed after 6 weeks postpartum, and group C dropped to trough levels at approximately 12 weeks postpartum before gradually leveling off.
ALT: Table 5 and Figure 4 (v) illustrate that the plasma ALT levels of dairy cows were markedly lower prepartum than postpartum in all groups. The values initially decreased prepartum before increasing postpartum, peaked at 8 weeks postpartum, and then leveled off. Group A was highly significantly lower than groups B or C postpartum (P < 0.01); the latter two groups exhibited no differences between each other. There were no differences between the three groups prepartum.
AST: Table 5 and Figure 4 (vi) demonstrate that there were no differences between the groups with respect to prepartum plasma AST levels (P > 0.05).
Group A was highly significantly lower than groups B and C postpartum (P < 0.01), with no difference between the latter two groups. AST levels exhibited a downward trend from 8 weeks prepartum and fell to trough levels at 4 weeks prepartum, followed by increases. Groups B and C peaked at 1 week postpartum and then gradually leveled off. Group A reached peak levels at 1 week postpartum and then decreased to trough levels at 6 weeks postpartum. Thereafter, group A increased again and returned to the same level as the other two groups at 12 weeks postpartum. Table 5 demonstrates that the three groups exhibited no differences in plasma biochemistry with respect to UREA, AST/ALT, TP, or ALB, either prepartum or postpartum (P > 0.05). However, with regard to postpartum plasma UREA levels, group B was significantly higher than group A, and neither group was different compared with group C. Table 6 demonstrates that group A was highly significantly lower than groups B and C prepartum (P < 0.01), with no difference between the latter two groups. There was no difference between the three groups postpartum (P > 0.05).
Effects of DED in the Dry
GN: Figure 5 (ii) demonstrates that the plasma GN levels of dairy cows were higher postpartum than prepartum in all groups. GN levels initially increased prepartum and then decreased close to calving. The trough levels were observed at calving, with increases postpartum. The values gradually leveled off at approximately 4 weeks postpartum, and group C returned to the same levels of groups A and B until 12 weeks postpartum. Table 6 shows that prepartum plasma GN levels exhibited highly significant differences between groups (P < 0.01);
group C was higher than group B, and the latter surpassed group A. Group C was highly significantly greater than groups A and B postpartum (P < 0.01), with no difference between the latter two groups. IGF-1: Table 6 indicates that plasma IGF-1 levels increased towards calving and peaked at 1 week postpartum before decreasing which is shown in Figure   5 (iii). There were no differences among the groups in the prepartum or postpartum periods (P > 0.05).
GH: Table 6 and Figure 5 (iv) demonstrate that the plasma GH levels of dairy cows fluctuated in an upward trend prepartum and peaked at 1 week postpartum;
thereafter, the values decreased and exhibited a stable trend at approximately 12 weeks postpartum. Group A was significantly higher than group C prepartum (P < 0.05), and neither group exhibited differences relative to group B. Group A was highly significantly lower than groups B and C postpartum (P < 0.01), with no difference between the latter two groups. Although the difference was not statistically significant, group B was lower than group C from 6 weeks postpartum.
LEP: Table 6 and Figure 5 (v) demonstrate that the plasma LEP levels of dairy cows initially increased from 8 weeks prepartum and peaked at 2 weeks prepartum before falling to trough levels at 1 week postpartum. Subsequently, the values increased in all groups and remained stable with fluctuations. Group C was highly significantly greater than groups A and B prepartum (P < 0.01), with no difference between the latter two groups. Group A was highly significantly greater than groups B and C postpartum (P < 0.01), with no difference between the latter two groups.
NPY: Table 6 and Figure 5 (vi) demonstrate that the plasma NPY levels of dairy cows initially decreased from 8 weeks prepartum and fell to trough levels at 2 weeks prepartum, before increasing to peak levels at 1 week postpartum. The values decreased in all groups from 1 week postpartum and then remained stable with fluctuations. Group C was highly significantly lower than groups A and B prepartum (P < 0.01), with no difference between the latter two groups. Group A was highly significantly greater than groups B and C postpartum (P < 0.01), and no difference was found between the latter two groups.
Discussion
Effects of DED in the Dry Period on the Prepartum DMI of Dairy Cows
In this study, the average daily DMI of dairy cows constantly decreased from 3 weeks prepartum to calving in all groups, and the relative decreases were 38%
(group A), 24% (group B), and 39% (group C). DMI always decreases to varying degrees towards calving [2] [10] [11] [12] . The fetus rapidly grows in late pregnancy and can occupy the abdominal cavity and mechanically compress the rumen. As a consequence, the volume of the rumen becomes smaller and thus may limit the intake of DM. With regard to the average daily DMI of dairy cows prepartum, group A was lower than group B, whereas the latter was lower than group C. The average DMI values of the three groups were 11.96, 13.41, and 14.31 kg, exhibiting highly significant differences among the groups (P < 0.01).
This result may be related to the palatability of the diet. The high-energy diet had a higher concentrate: forage ratio and better palatability, which could sti-mulate the intake of DM by cows. Therefore, prepartum DMI was highest in the high-energy group and lowest in the low-energy group. The same result has been reported by Holcomb et al., who found that DMI was highly significantly increased in dairy cows fed a low-forage diet compared with those fed a highforage diet (P = 0.007) [3] .
Effects of DED in the Dry Period on the MY and MC of Dairy Cows
Milk yield is one of the important indicators of the production performance of dairy cows. Peripartum NEB often causes fat metabolism disorders in highyielding dairy cows, leading to peripartum conditions such as ketosis and fatty liver, seriously affecting MY. It has been recently reported that the level of prepartum nutrition has no effect on the postpartum MY of dairy cows. Dairy cows can maintain milk synthesis by tissue mobilization [13] . In the current study, the MY of dairy cows was highly significantly lower in group A than in groups B and C (P < 0.01), with no difference between the latter two groups; the decrease in group A was 14.5%. Other studies have reported that low-energy diets from 28 days prepartum to calving helps improve postpartum MY [14] [15]. Additionally, Douglas et al. reported that prepartum feed restriction raised the MY of cows by 1.5 -2.5 kg/d compared with ad libitum feeding [6] . The opposite result was obtained in the current study, perhaps owing to different lengths of the trial period or different feeding patterns. The animal feeding trial was started from the dry period (56 days prepartum) in the present study, and only one diet formula was applied across the dry period.
The prepartum treatment did not affect the milk fat, protein, lactose, total solids, or non-fat solids of the dairy cows (P > 0.05). This finding is consistent with the result of Doeple, who reported that prepartum energy density has little effect on the postpartum MC of dairy cows [13] . The three groups of dairy cows exhibited significant differences in postpartum milk protein yield (P < 0.01), fat yield (P < 0.05), and lactose yield (P < 0.01). Such differences may be associated with the variations in MY. Because postpartum milk fat, protein, and lactose showed no differences among groups, the MY determined the yield of milk fat, protein and lactose. The significant differences in postpartum MY likely resulted in markedly different yields of milk fat, protein, and lactose.
Effects of DED in the Dry Period on BCS of Dairy Cows
The prepartum BCS of dairy cows exhibited an upward trend over time in all groups. Groups B and C were highly significantly elevated relative to group A (P <0.01), possibly related to DED and prepartum DMI. The average DMI values of groups A, B, and C were 11.96, 13.41, and 14.31 kg, respectively, and the NE L exhibited the trend A < B < C ( With respect to postpartum BCS, group A was highly significantly elevated relative to groups B and C (P < 0.01). There were marked decreases in the BCS of dairy cows in the latter two groups. However, a few studies have reported that prepartum factors such as DED and parity have no significant effects on the postpartum BCS of cows [18] [19] [20] . This finding is inconsistent with the current results. The changes in the BCS of dairy cows from prepartum to postpartum are primarily associated with calving-induced endocrine and metabolic changes (including fetal output, DMI decline, and lactation). Although groups B and C exhibited no statistically significant difference in postpartum BCS, the former group gradually improved relative to the latter group after 6 weeks postpartum. This phenomenon is believed to be associated with the prolonged NEB in dairy cows of group C. This point can be supported by the plasma NEFA levels measured in the current study, which revealed that the levels in group C were higher than those in group B from 6 to 12 weeks postpartum.
Effects of DED in the Dry Period on the Plasma Biochemistry of Dairy Cows
Changes in the GLU level reflect the dynamic equilibrium of glucose uptake, transport, and metabolism in the body. Circulating blood GLU levels reflect the level of energy metabolism in the body of dairy cows. Increased GLU facilitates INS secretion, whereas INS promotes glycogen/protein synthesis and fat deposition. Meanwhile, there exists negative feedback in the regulation of the body.
When GLU levels are excessively low, INS secretion is inhibited and GN levels are elevated; this mechanism facilitates gluconeogenesis and glycogenolysis, increases GLU, and thereby maintains relatively constant GLU levels. Janovick et al. have reported that GLU levels are significantly higher in dairy cows fed with diets meeting 150% of their energy requirements compared with those fed diets meeting 100% or 80% of their energy requirements; there were no differences between the latter two groups [20] . Other studies reported that GLU levels are higher in dairy cows fed an ad libitum high-energy diet than in those under feed restriction [6] [7] [21] . This finding is observed primarily because a high-energy diet contains a higher level of starch, favoring the synthesis of propionic acids in the rumen, namely more gluconeogenic precursors. The current results indicate that the prepartum levels of GLU exhibited no significant differences among the three groups of dairy cows (P > 0.05). All groups of dairy cows may have experienced a positive energy balance prepartum, and the difference in DED was insufficient to affect GLU levels. Plasma GLU levels markedly increased in all groups close to the time of calving, and group B exhibited the highest GLU levels. The rapid GLU increase is believed to be related to decreasing plasma INS near the time of calving or may be the result of calving stress.
Further study is required to analyze why plasma GLU was the highest in group B. Moreover, there were no significant differences in postpartum plasma GLU levels among the three groups of dairy cows (P > 0.05). This result may be associated with a serious state of postpartum NEB in all groups and postpartum regulation of GLU and INS.
Fat intake rarely induces elevations in the blood lipids of ruminants. Fat is transported in the form of fatty acid-binding ALB and stored as TG in the body [22] . Although the liver is an essential site for TG synthesis, the liver is unable store this product. If the liver fails to transport synthesized TG in a timely manner, it will form fatty liver. In the current study, prepartum plasma TG levels increased over time among all groups of dairy cows. This change is related to the synthesis of TG from the fat intake by the liver and subsequent transport into the blood by lipoproteins. There were marked decreases in plasma TG levels from 4 weeks prepartum, and trough levels were observed at 1 week postpartum.
These changes may be related to decreased DMI and reduced fat intake at approximately 4 weeks prepartum. Meanwhile, fetal development and breast tissue repair may have substantially increased energy demand, leaving no extra energy supply to synthesize TG. Plasma TG levels were consistently higher in the prepartum period than in the postpartum period in all groups. A possible reason for this finding is that postpartum dairy cows began to lactate, and mammary cells consume a large amount of fatty acids to synthesize milk fat, whereas the levels of available fatty acids are reduced after TG synthesis by the liver [13] . The postpartum levels of TG exhibited a trend of difference (0.05 < P < 0.1), and group A was significantly higher than group B. These results may also be explained by the above mechanism. Because milk fat yield was relatively low in group A, the uptake and utilization of fatty acids by breast tissue would be reduced accordingly.
Elevations of blood NEFA levels are an important sign of NEB and body fat mobilization in dairy cows, and any causative factors of NEB can lead to an elevation in blood NEFA levels [23] . The majority of NEFA enters the liver, and if it is not completely oxidized, NEFA will generate large levels of BHBA, increasing the risk of cows suffering from ketosis. Under normal circumstances, blood NEFA and BHBA levels exhibit the same trends. In the present study, no differences were obtained in prepartum plasma NEFA or BHBA levels among the three groups. The DMI of dairy cows markedly decreased towards calving, whereas both plasma NEFA and BHBA levels substantially increased in all groups.
Research has demonstrated that DED does not affect NEFA [5] [21] [24] or BHBA [6] [19] [20] levels in dairy cows in the early peripartum period. Taken together, the above findings suggest that prepartum low-energy feeding or restricted feeding may result in a NEB in dairy cows; however, this state is insufficient to affect NEFA and BHBA metabolism and thus does not cause differences in concentrations.
The current study demonstrates that postpartum plasma NEFA and BHBA levels remained higher in group C than in group A. This result suggests that the high-energy group remained in a serious state of NEB postpartum, which would inevitably lead to fat mobilization. This mechanism explains the higher plasma NEFA and BHBA levels in the high-energy group. Similarly, other studies have reported that low-energy feeding or restricted feeding prepartum results in lower postpartum plasma NEFA levels in dairy cows [7] [20]. Although the difference in NEFA level was not statistically significant, the levels in group C were higher than those in group A from 6 weeks postpartum; the NEFA levels of group C decreased until reaching the lowest value at approximately 12 weeks postpartum and then leveled off. This trend is indicative of a serious and long-lasting NEB in the high-energy group. Likewise, the changes in the BCS of dairy cows prove that group B gradually improved relative to group C after 6 weeks postpartum.
Although group B also experienced a serious NEB, the duration of the NEB was relatively short and thus allowed the cows to quickly recover.
In summary, high-energy intake prepartum aggravated the NEB and increased the incidence of postpartum metabolic diseases (ketosis and fatty liver). Feeding with a low-energy diet effectively reduced the NEB. Although a medium-energy diet also aggregated the NEB, its duration was relatively short, and the resultant postpartum MY was higher than that associated with the low-energy diet. Similar results have been reported by Dann et al. [7] , who found that high-energy excessive feeding prepartum results in a serious postpartum NEB and relatively high blood NEFA and BHBA levels; the effects of prepartum treatment gradually disappear with prolonged lactation. Moreover, Agenäs et al. fed three groups of dairy cows with different amounts of DM (low-, medium-, and high-energy diets) throughout the dry period; the results revealed a serious postpartum NEB and more weight loss in the high-energy group [4] . Additionally, similar results that high energy or excessive feeding is unfavorable for the postpartum NEB.
have reported [5] [6] [13] [15] .
In this study, the plasma ALT and AST levels of dairy cows exhibited no obvious differences between the three groups prepartum (P > 0.05). However, group A was highly significantly lower than groups B and C postpartum (P < 0.01). Prepartum plasma ALT levels gradually decreased towards calving and then increased postpartum. The peak levels of plasma ALT were observed at 1 week postpartum. This result indicates that rapid increase of lactation yield leads to different degrees of liver damage and thus elevated blood AST levels 1 week postpartum; the liver damage was more severe in the medium-energy and highenergy groups. The AST/ALT ratio of dairy cows increased prepartum and peaked at calving, followed by decreases postpartum; the values gradually leveled off at approximately 8 weeks postpartum. These results indicate that DED can affect postpartum ALT and AST levels; both parameters were relatively low in the low-energy group. Thus, low-energy feeding prepartum has a protective effect on the liver, and high-energy feeding prepartum can impair liver function.
Blood TP and ALB levels are indicators of metabolic liver function. In the case of liver disease, ALB synthesis and transport can be blocked, resulting in de-creased serum ALB levels. The current study revealed that plasma TP and ALB levels exhibited no differences between groups either prepartum or postpartum (P > 0.05). This result indicates that prepartum DED has no effects on TP and ALB levels. UREA can be used as an indicator of protein accumulation in the body; UREA levels reflect dietary protein balance in the animal and nitrogenous substances balance in tissue metabolism. When the body is in a state of NEB, body fat mobilization is increased, and body protein decomposition is accelerated to supply energy. The process of protein decomposition is associated with increased ammonia from amino acids and elevated UREA levels. In the current study, the plasma UREA levels of dairy cows exhibited no significant differences among the groups prepartum or postpartum (P > 0.05); however, postpartum UREA was lowest in the low-energy group. This result indicates that the lowenergy group obtained relatively abundant energy postpartum and thus reduced the postpartum NEB.
Effects of DED in the Dry Period on Blood Hormones of Dairy Cows
Insulin can promote glycogen synthesis in the liver and fat synthesis in peripheral tissues, thereby increasing the cellular uptake and utilization of glucose and reducing GLU levels. High intake of high-energy diets by dairy cows increases the gastrointestinal intake of gluconeogenic precursors and thus improves the glucose uptake rate of the liver [25] . weeks postpartum. To control GLU levels, plasma IGF-1 was upregulated to reduce GLU. Postpartum plasma INS levels slowly rebounded and thus enhanced the regulation of GLU, whereas the IGF-1 levels declined. There were no differences in plasma IGF-1 levels among the groups in the prepartum or postpartum periods (P > 0.05), indicating that variations in prepartum energy intake have no effect on IGF-1.
Glucagon can promote the decomposition of hepatic glycogen and increase the levels of gluconeogenic precursors in dairy cows to elevate GLU levels [27] .
The current results suggest that postpartum plasma GN levels consistently increased in all groups, and the high-energy group was highly significantly greater than the low-energy and medium-energy groups (P < 0.01). Moreover, the high-energy group maintained relatively high GN levels postpartum. The above results indicate that all groups of dairy cows experienced a NEB postpartum.
Among the three groups, body fat mobilization was more serious and NEB lasted a longer period in the high-energy group. This point is also illustrated by the high yield of milk fat and significant decline in body condition in the highenergy group. Prepartum plasma GN levels exhibited highly significant differences among the three groups of dairy cows (P < 0.01); the high-energy group was higher than the medium-energy group, whereas the latter was less than the low-energy group. High prepartum plasma INS levels in dairy cows might result in increased GN in the high-energy group to ensure relatively constant GLU levels.
Growth hormone can facilitate glucose uptake, carbohydrate and fat decomposition, and nucleic acid and protein synthesis, mainly by participating in the regulation of metabolic processes. The current results indicate that prepartum feeding of low-energy diets can markedly elevate prepartum blood GH levels and promote body fat mobilization, and this point is supported by the low prepartum BCS of dairy cows in the low-energy group. However, there were also have the opposite result. stimulated ovariectomized ewes by administering either a full diet or restricted diet, and GH secretion decreased in the restricted group.
The discrepant results may be due to different animal species and physiological states. Plasma GH peaked at 1 week postpartum, when the NEB and body fat mobilization were most severe. The low-energy group exhibited relatively low plasma GH levels postpartum and exhibited highly significant differences compared with the high-energy and medium-energy groups (P < 0.01). This result indicates that body fat mobilization was relatively weak in the low-energy group and that a low-energy diet was favorable for reducing postpartum NEB. The medium-energy group exhibited higher plasma GH levels than the high-energy group at 4 weeks prepartum, which may be related to the high MY in the medium-energy group, thereby resulting in a higher energy demand and serious mobilization of body fat. However, the high-energy group became higher than the medium-energy group at 6 weeks postpartum, indicating that the postpartum NEB lasted longer in the high-energy group than in the medium-energy group. The changes in plasma NEFA and BHBA levels also indicate that dairy cows in the high-energy group remained in a state of body fat mobilization. This is consistent with the result reported by Vandehaar that the NEB increases GH levels in the blood [18] .
Leptin plays a pivotal role in regulating food intake, fat metabolism, and the reproductive and immune systems [28] [29] . The overall level of LEP is higher in obese individuals for both ruminants and monogastric animals [30] . In the current study, the high-energy group exhibited relatively high BCS prepartum, with highly significantly elevated LEP levels relative to the low-energy and mediumenergy groups (P < 0.01). Postpartum plasma LEP levels were reduced, and LEP reduction is related to the postpartum NEB [31] . We observed that the lowenergy group exhibited significantly higher postpartum plasma LEP levels than the medium-energy and low-energy groups (P < 0.01); however, prepartum feeding of the high-energy diet resulted in relatively low postpartum plasma LEP levels, and the cows remained in a serious NEB. This finding is consistent with the result reported by Liefers et al. that plasma LEP levels are relatively low in dairy cows with a NEB during lactation [32] . It has been reported that human placenta can produce LEP; once the placenta is discharged during calving, plasma LEP levels are reduced [29] . The current results indicate that plasma LEP levels of dairy cows decreased towards calving and fell to trough levels at 1 week postpartum. This downward trend of plasma LEP may be related to the discharge of placenta during calving.
Neuropeptide, which can improve appetite and DMI, is a powerful inducing factor to stimulate feed intake of animals. Similar NPY injection trials have been performed on animals in foreign countries over recent years, including rats , mice, sheep [33] , and swine [34] . The results reveal that NPY can induce appetite and feed intake in animals, and a dose relationship has been demonstrated between NPY and feed intake within a certain range. On the basis of controlling feed intake, NPY can increase gluconeogenic precursors to facilitate gluconeogenesis and thereby increase glycogen accumulation to affect the body's energy balance. In the current study, the high-energy group exhibited significantly lower prepartum plasma NPY levels than the medium-energy or low-energy groups (P < 0.01). The low-energy group exhibited the highest plasma NPY levels, possibly because prepartum low-energy feeding resulted in a fasting and hunger state of the dairy cows, which could stimulate NPY secretion. Yang et al. also demonstrated that in a hunger state, NPY neurons are excited and NPY mRNA expression levels are elevated in the brain center [35] . Additionally, LEP has been reported to control food intake by regulating NPY synthesis and release.
Elevation in LEP levels inhibit NPY mRNA expression and reduce NPY levels, thereby reducing feed intake of animals; thus, low prepartum plasma NPY levels in the high-energy group may be attributed to LEP regulation. With regard to postpartum plasma NPY levels, the low-energy group was highly significantly elevated relative to the medium-energy and high-energy groups (P < 0.01). This result indicates that prepartum low-energy feeding can improve postpartum DMI, promote gluconeogenesis, and increase fat and glycogen accumulation, effectively reducing the NEB. In contrast, prepartum high-energy feeding resulted in low feed intake and severe NEB in dairy cows postpartum.
Conclusions
Medium-energy and high-energy feeding in the dry period increased the post-partum milk yield of dairy cows. However, low-energy feeding reduced lactation performance, and there was a 14.5% reduction in the milk yield of the lowenergy group. Low-energy feeding in the dry period significantly reduced postpartum blood BHBA and NEFA levels, attenuated body fat mobilization, and mitigated the decline in postpartum body condition; thus, low-energy feeding can effectively reduce postpartum NEB. In contrast, high-energy feeding resulted in higher blood BHBA and NEFA levels, more serious postpartum NEB, and a serious decline in the postpartum BCS of dairy cows; thus, high-energy feeding may increase the incidence of postpartum disorders of energy metabolism such as ketosis and fatty liver in the dry period.
High-energy feeding in the dry period resulted in higher postpartum plasma AST and ALT activity in dairy cows relative to the medium-energy and lowenergy groups. This result indicates that high-energy feeding in the dry period can increase the postpartum burden on the liver and is more likely to cause liver dysfunction. Meanwhile, high-energy feeding increased blood GH and GN levels, indicating serious body fat mobilization and NEB in the high-energy group postpartum. Low-energy feeding in the dry period resulted in higher postpartum blood LEP and NPY levels of dairy cows compared with the medium-energy and high-energy groups.
